The electromagnetic characterisation of different materials for the inner wall coating of beam pipes is a long-standing problem in accelerator physics, regardless the purpose they are used for, since their presence may affect in an unpredictable way the beam coupling impedance and therefore the machine performance. Moreover, in particle accelerators and storage rings of new generation very short bunches might be required, extending far in frequency the exploration of the beam spectrum and rendering therefore more and more important to assess the coating material response up to hundreds of GHz. This paper describes a time domain method based on THz waveguide spectroscopy to infer the coating properties at very high frequencies.
Introduction
An important step towards the development of a new generation of accelerators and light sources is the special treatment of the vacuum chamber surface, in order to avoid electron cloud (e-cloud) effects that may degrade the machine performance and limit its maximum luminosity.
The e-cloud mechanism starts when the synchrotron radiation, emitted by the beam, creates a large number of photoelectrons at the accelerator wall surface. These primary electrons may cause secondary emission or be elastically reflected [1] . If the value of secondary electron yield (SEY) of the surface material is larger than unity, the number of electrons starts growing exponentially and may lead to beam instabilities and other detrimental side effects [2, 3] . It is therefore important to keep the value of SEY as low as possible. Moreover, materials with low photoemission would make not necessary any surface conditioning or in situ heating of the beampipe, which translates in a reduction of machine dead time between experiments.
Reduction of the SEY value in specific sections of the accelerator is therefore mandatory, and an extensive search for the best possible candidates for the pipe internal coating has been extensively carried out in the last years. Amongst other materials, amorphous carbon (a-C) have been thoroughly tested [4] and used [5] at different CERN facilities [6] with very effective results. Another interesting class of materials is non-evaporable getter (NEG) alloys [7] , that can be deposited on the inner wall of a vacuum chamber in large accelerators, transforming it from a source of gas into an effective pump. In addition to pumping, NEG films lead to reduced induced gas desorption and secondary electron yields. However, the use of a coating material in an accelerator, being it for the SEY reduction or for the vacuum improvement or both, unavoidably changes the overall surface impedance, possibly producing as adverse effect beam instability because of its electromagnetic interaction with the surroundings. Therefore, before its insertion in the beam pipe, an accurate electromagnetic characterization is required, for building a reliable impedance model and pinpointing possible problems and performance limitations in modern particle accelerators and storage rings [8] .
In the last years, the mitigation properties of coatings have been rarely tested under an electromagnetic field and in the microwave region only [9] . Since beam spectrum may extend up to the very high frequency regime, depending on the bunch length, it might be important to perform an in-depth evaluation of the resistive wall impedance up to millimeter waves and beyond.
Recently, the impedance of NEG films has been measured in frequency domain in the sub-THz range, directly depositing 1-2 µm of the material on the lateral walls of a calibrated waveguide [10, 11] . This method can be easily extended to the characterisation of other coating in thin film form, however has its own drawbacks, specifically local in-homogeneity with blistering and peel-off, constraints in sample dimensions, and impossibility to re-use the test system (the waveguide) for further measurements.
An alternative approach is time domain waveguide spectroscopy [12] , which has been widely used in the past to obtain high resolution absorption spectra of molecular solids [12] , or for the characterisation of thin samples [13, 14] . This is done by usually resorting to metallic waveguides since, depending on the design, they can provide a long interaction length and a very high confinement of the electromagnetic field [15] , resulting in a significant sensitivity enhancement. Besides that, the use of calibrated devices makes possible the development of characterisation techniques that are both precise and reliable.
With this aim, we have developed a tailored waveguide with integrated pyramidal horn antennas and a removable part where the coating is deposited, which can be placed with ease in the optical path of a THz spectrometer. The design allows us to measure in a simple way large area coating deposited on metallic plates as in the case of accelerators, where averaged quantities are needed. This technique has been successfully used to characterize NEG samples deposited on both sides of thin copper slabs inserted in a circular waveguide [16] . In the case of amorphous carbon however, because of the high temperature growth and the demanding sample thickness requirement, two side deposition is not a feasible approach, because the slab will experience mechanical stress followed by sample peel-off.
Moreover, the transition from the horns to the waveguide, because of the different transverse sections, makes the performance of this device very sensitive to mechanical imperfections and deformations. We designed therefore a modified square waveguide where the transition from antenna to the device is ideally removed, since the horn inner aperture and the waveguide transverse section fully overlap. This results in an increased robustness and a better efficiency of the waveguide in the collection of the THz signal. A major drawback is the reduction by more than 50% in cross section when compared with the circular waveguide, and as a consequence a strong decrease of signal transmitted through the device.
Here we present a detailed description of the high resolution waveguide spectroscopy setup and the analytical method developed for the extraction of the sample electromagnetic properties. In order to validate the technique, we measured the sub-THz response of two coating NEG layers about 4 µm thick deposited using DC magnetron sputtering on both sides of copper plates, and evaluate their conductivity.
Materials and Methods

The Device under Test
Ti-Zr-V NEG coatings are grown at the CERN deposition facilities [4] on both sides of copper plates by using a DC magnetron sputtering technique with Krypton as process gas at a working pressure of 7 × 10 −4 mbar (see Figure 1a ). An alloyed disc cathode with 33.3% atomic nominal relative composition of Titanium, Zirconium and Vanadium is placed at a distance of 200 mm from the substrate. The applied tension and current are 294 V and 750 mA respectively, for a total power of 220 W. The complete deposition, giving on average 4 µm thickness, lasts about two days at a growth rate of 1.4 nm/s. During the process, in order to prevent thermal induced deformations the plate is held in an aluminum frame, that in turn is placed on a rotating axis to ensure a homogeneous deposition on both sides of the slab (see Figure 1b ). Local composition and thickness of the coating have been checked using X-ray fluorescence (XRF) measurements along the median line of the slab (the waveguide longitudinal axis), showing that samples keep the target composition within 10% and a uniform profile ±2% with an average surface roughness of 0.2 µm [10, 17] . For the spectroscopy measurements, we use a gold plated brass device (shown in Figure 2 ) consisting in a parallelepiped of 16 × 12 × 140 mm 3 machined in two identical pieces. A diagonal waveguide is formed by milling a square cross-section channel, rotated by 45 • and 62 mm long, in both halves. Two symmetrical pyramidal horn antennas are embedded in both sides of the structure in order to enhance the electromagnetic signal collection and radiation. Moreover, their inner aperture coincides with the waveguide section, ensuring a smooth transition to the waveguide itself without abrupt changes in the device impedance [18] . Disassembling the device, the thin copper slab with the NEG material deposited on both sides can be easily inserted for the sample characterization. The slab has the same length as the device (140 mm) and thickness 0.050 mm. The dimensions and the material used for the waveguide fabrication are reported in Table 1 . For the pyramidal horns, maximum and minimum apertures along their length are indicated. These dimensions have been chosen in order to have a single mode propagation inside the diagonal waveguide and in the two pyramidal transitions. Due to the central slab inserted along the longitudinal direction, the first mode that can propagate through the structure is the sum of the TE 1,0 and TE 0,1 . The second allowed mode, given the boundary conditions and the waveguide symmetry, is the sum of TE 2,1 and TE 1,2 [19] . For an internal side of the diagonal waveguide of 1.1 mm, the usable frequency window for a single mode propagation ranges from 135 GHz to 300 GHz.
Sub-THz System
Sub-THz measurements are carried out using a time domain spectrometer (TDS) operating in transmission mode. The setup is based on a commercial THz-TDS system (TERA K15 by Menlo Systems) customized for the waveguide characterization. The system is driven by a femtosecond fiber laser @1560 nm with an optical power < 100 mW and a pulse duration < 90 fs. Fiber-coupled photoconductive antenna modules are utilized for both electric field signal emission and detection. A fast opto-mechanical line with a maximum scanning range of approximately 300 ps is used to control the time delay between the pump and the probe beam.
TPX (polymethylpentene) lenses are used to collimate the short (1 − 2 ps) linearly polarized pulse on the waveguide, producing a Gaussian-like beam with a waist of approximately 8 mm in diameter and a quasi-plane wave phase front. This is a standard configuration commonly used to perform transmission measurements on a number of different materials [20] . A sketch of the optical setup is shown in Figure 3 . For an accurate control of the optical coupling between the free space signal and the input and output horn antennas, the lower part of the waveguide is fixed on a kinematic mount with a micrometric goniometer. Coated slabs are inserted and replaced by removing the upper part only.
The electric field signal as a function of time is recorded for each sample by averaging 1000 pulses for an overall acquisition time of 10 minutes, in order to minimize the signal-to-noise ratio. Frequency dependent transmission curves are obtained through the application of a standard FFT algorithm. In the experiment, the frequency resolution is set to about 8 GHz, determined by the scanning range of the delay line.
The Analytical Method
The conductivity value of the coated material is obtained from the comparison between the signal amplitude transmitted through the waveguide with the coated slab and the one obtained with an uncoated slab used as a reference.
The attenuation both in the diagonal waveguide A diag and in the pyramidal transitions A pyr , considering the propagation of the sum of two modes TE 1,0 and TE 0,1 , is [21, 22] :
where Z i,j is the i, j mode impedance and I i,j is the relevant excitation current. The field components used in Equation (1) are:
where a is the side of the diagonal waveguide. In case of coating material, the expression of Z S is:
where d is the coating thickness. When d = 0 there is no coating and Z S = Z cu . The characteristic impedance in the Leontovich approximation for a metallic case ( ) is [21] :
where µ is the total permeability, ω = 2π f , and σ the material conductivity. The propagation constant under the same condition is
where δ is the skin-depth defined as
The total attenuation on both sides of the slab in the diagonal waveguide is:
where l g is the length of the waveguide, and
We evaluate the relative attenuation in the diagonal waveguide as:
Differently from the contribution in the diagonal section, the attenuation on the slab given by the symmetric input and output transitions is not constant, since the antenna aperture changes along the horn length. The total attenuation in the single pyramidal transition is:
expresses how the side of the horn changes along the transition. l t is the longitudinal length of the transition, B and b are the side dimension at the entrance and exit of the pyramidal horn transition respectively. Since the transitions are connected to the diagonal waveguide, then b = a. The relative attenuation in the pyramidal transition is:
The total relative attenuation is given by the formula:
resorting to Equations (9) and (11).
Results and Discussion
The electromagnetic characterization of the NEG coatings in the sub-THz region is realized performing time domain (TD) measurements of the electromagnetic wave propagating inside the specifically designed waveguide with a thin central copper slab, where the material under test is deposited on both sides. The THz beam is polarized with its electric field parallel to the waveguide slab. The use of a device having a square cross section marks an improvement in terms of beam collection efficiency with respect to previous measurements [16] . However, compared to the free space signal, the transmitted electric field is in the order of 10% only. Figure 4 shows the difference in the signal transmitted in air and in the squared waveguide, without and with slab. The TD curves show that the presence of the NEG layer clearly introduces not only a strong attenuation of the signal but also a significant dispersion. When the THz signal passes through the device, the ps-scale input pulse with respect to the case of free space transmission is strongly reshaped by the reflections inside the waveguide and broadened to more than 50 ps. The stretching of the transmitted signal, compared with the free space input pulse, is due to the strongly dispersive character of the waveguide, that acts as a delay line [23] . After the main burst, at around 120 ps interference features (not shown) appear, due to round-trip reflections inside the waveguide, that have been removed in the subsequent frequency analysis.
In frequency domain, the amplitude spectra are obtained using FFT (Fast Fourier Transform) analysis and are presented in Figure 5 for both samples in comparison with the bare copper slab, with the waveguide without the slab, and with air only.
Data are shown up to the frequency where single mode propagation in the waveguide holds. This ensures that there is no interference from higher order modes, which can produce a modification of the field distribution, as discussed in detail in Section 2.3. The cut-off frequency of the first mode propagating inside the waveguide (approximately 150 GHz) can be clearly seen.
In the graph, the NEG coated samples (red and green dots) behave in a similar way, with a marked difference in amplitude (between 4 and 6 dB on average) with respect to copper (black dots) and slightly increasing at higher frequencies. Changing the design of the waveguide from circular to square therefore does imply a better sensitivity to the coating material properties, since the weight of the slab losses relatively to the overall waveguide losses increases, but this is done at the expense of a reduction in the amplitude of the collected signal, raising noise and data fluctuations.
From the comparison with the uncoated slab, the (relative) attenuation given by the losses produced in the device through its overall length (horn antennas and waveguide) by the coating material can be evaluated. In Figure 6 , the measured relative attenuation due to both the 3.8 µm and 4.3 µm NEG coatings with respect to the copper reference are shown (red and green dots respectively). Data below 200 GHz have been discarded to avoid artifacts in the spectrum due to group and phase velocity dispersion, especially pronounced near the cut off frequency. Therefore, results are presented in the range 200-300 GHz. The conductivity value σ coat of the coating material is obtained resorting on the analytical tool detailed in Section 2.3. From the best fit of the analytical formula, we yield σ coat = (7.7 ± 1.1) × 10 5 S/m for the 3.8 µm sample, and σ coat = (4.2 ± 0.5) × 10 5 S/m for the 4.3 µm sample. Magenta and blue continuous lines in Figure 6 show the analytically evaluated attenuation for the two estimated conductivities, taken from Equation (12) in Section 2. For both curves the 95% confidence interval on the attenuation due to the conductivity evaluation uncertainties is also displayed as shaded area. The difference observed between the two samples might be an indication of an increased disorder, that translates in poorer transport properties and therefore lower conductivity, caused by the larger thickness.
Resorting on [24] , we can also evaluate the effect of sample roughness on the NEG conductivity. Using the average roughness value for our samples (0.2 µm), we estimate a maximum conductivity reduction of the order of 8%, that lies within the measurement error band in our frequency range.
Results agree fairly well both with previous data obtained on different NEG samples using the circular waveguide [16] and DC (direct current) conductivity values extracted using the frequency domain approach [10] . Nevertheless, differently to these latter measurements, a TD method allows to evaluate the electromagnetic properties of coatings in a reliable and simple way exploiting tailored (and reusable) waveguides. The knowledge of σ coat under operating conditions (coating deposited on a metallic slab) is extremely useful for the evaluation of the real part of the surface impedance as a function of frequency, that is currently used for modeling the resistive wall component of the beam impedance in modern accelerators. Funding: This research has been funded by the CLIC project in the framework of the CERN-INFN Naples collaboration (KN4542/BE Addendum no.13 to Agreement KN3083). Partial support from INFN Projects "TERA" and "MICA" is gratefully acknowledged.
